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Introduction
Multiple applications are envisioned for carbon nanotubes (CNT), notably as part of a new class of nanocomposite materials and therefore many research works are currently devoted [1] to their incorporation into a metal-, ceramic-or, more commonly, polymermatrix. The composites are generally prepared by mixing the desired quantity of single-or multi-walled carbon nanotubes (SWNT and MWNT, respectively) with the matrix, which is either dissolved or in suspension in a liquid medium, before further treatments. Many authors have aimed at using CNT in order to enhance the mechanical properties of composites. In the case of ceramic materials, CNT seem to be efficient toughening agents leading to less brittle materials, i.e., to composites with a significantly higher fracture toughness than the corresponding ceramic [2] [3] [4] [5] [6] . CNT can also enhance the tribological behaviour of ceramics [7] . It has been demonstrated that CNT can confer an electrical conductivity to otherwise insulating polymers without altering their other properties since a very low volume fraction (below 1 vol%) is sufficient for the percolation of the CNT network [8] [9] [10] [11] [12] . This unique performance is due to the enormous aspect ratio of CNT, which can reach more than 1000, particularly for SWNT synthesized by a catalytic chemical vapour deposition (CCVD) method. However, both this very high aspect ratio and the very small CNT diameter (no more than a few nm) induce many difficulties to satisfactorily disperse the CNT within the matrix and to avoid the formation of balls of entangled CNT, particularly when the matrix material is in the granular form such as a ceramic powder. To resolve such problems, the present authors have proposed the in situ CCVD synthesis of CNT within the oxide powders [13] . In the obtained composite powders (Al 2 O 3 , MgAl 2 O 4 or MgO matrix), the CNT, mainly single-and double-walled, are very homogeneously distributed. This excellent distribution is maintained in the dense composite prepared by hot-pressing these composite powders [14] [15] [16] . It has been shown that CNT confer an electrical conductivity to such composites, in the range 0.2-4.0 S cm À1 for 2.8-5.7 wt% of carbon, respectively [16] . The electrical conductivity was attributed to the percolation of the network of CNT since it is fairly well correlated to the relative quantity of CNT and since the specimens become insulators when the CNT were destroyed [16] . It was also shown that an alignment of CNT within the ceramic matrix by high-temperature extrusion of the samples leads to a strong anisotropy in the electrical conductivity [17] .
The electrical conductivity of CNT-polymer materials due to the percolation of CNT has been widely investigated [8] [9] [10] [11] [12] , but only a few authors have reported the electrical conductivity of CNT-ceramic composites. Recently, Zhan et al. [18] have prepared such composites using 5.7-15 vol% SWNT self-organized in ropes, which were mixed with nanocrystalline alumina. For 15 vol% CNT, an electrical conductivity of 33.45 S cm À1 was obtained, higher than was previously reported by our group [16, 17] . These results have confirmed that CNT provide efficient electrical discharge to insulating ceramic matrix [16] [17] [18] , similarly to what they do in an insulating polymer matrix. However, no work has yet been reported to characterise and quantify the percolation of SWNT in an insulating ceramic matrix. In the present paper, we report the preparation of a family of 22 different CNT-Co/Mo-MgAl 2 O 4 composites containing between 0.23 and 24.5 vol% CNT. We show that the electrical conductivity of the dense materials is controlled in the range 0.004-8.50 S cm À1 by the CNT content. We demonstrate that for samples containing less than 10 vol% CNT, the electrical conductivity versus the CNT content (pÀvol%) satisfactorily follows the percolation scaling law r ¼ kðp À p c Þ t with a threshold p c ¼ 0:64 vol% and an exponent t ¼ 1:73. In all the composite powders, CNT are similar and of high quality, 70-90% being SWNT and most of the others being double-walled, without carbon nanofibres nor significant amount of disordered carbon. CNT have been synthesized in situ and thus are very well distributed between the matrix grains and this also obviates the need for any purification or dispersion treatments which could have altered the characteristics of the CNT.
Experimental procedure
The synthesis method of powders of MgAl 2 O 4 -based oxide solid solution by the nitrate-urea combustion method was described elsewhere [19] . The powders were attritor-milled and the ceramic foams were prepared either by impregnating a polymeric foam with an aqueous suspension of solid solution (samples labeled IF), or by a gelcasting-foam method reported in a previous paper [20] (samples labeled GF). A calcination in air is used to remove the organic components. The in situ synthesis of SWNT is made in a flowing H 2 -CH 4 gas mixture, generally at 1000°C. The composite powders are uniaxially hot-pressed in graphite dies at 43 MPa, in a secondary vacuum (P < 10 À4 Torr), at 1300°C. The so-obtained dense pellets (10 mm in diameter, 2.5 mm thick) were polished on the two faces. Then three parallelepipedic specimens were cut (minimum 5 mm in length) and coated with silver paste on their top surface.
The carbon contents in the composite powders were determined by flash combustion. The density of the dense composites was calculated from their measured weight and dimensions. The composite powders and the fracture surface of dense composites were observed with a high resolution field-effect-gun scanning electron microscopy (FEG-SEM -Hitachi S-4500). Some powders (C6, CM5 and CM12) were observed by high resolution electron microscopy (HRTEM -Jeol 2010) and the statistical studies on the number of walls and the CNT diameter were performed on more than 100 images of individual CNT for each sample. The electrical conductivity was measured under increasing DC potentials (0.05-0.3 V, current densities lower than 160 mA/cm 2 ) between the two top surfaces of the parallelepipedic specimen.
Results and discussion
The composition of the starting catalytic materials and their preparation modes are reported in Table 1 , besides the characteristics of the corresponding hotpressed composites. To obtain such of a large variety of high quality samples, it was necessary to adapt the previously reported [19] synthesis method. For samples C1-C5, the catalytic material is a powder of a Mg 1Àx Co x Al 2 O 4 (x ¼ 0:01) solid solution which was heat-treated in H 2 -CH 4 atmosphere at 900, 925, 950, 975 and 1000°C, respectively, leading to a gradually higher reduction level of the Co 2þ ions and thus to increased quantities of Co catalytic nanoparticles, which in turn results in higher quantities of in situ formed CNT, in agreement to results previously reported for Al 2À2x Fe 2x O 3 solid solutions [21] . For samples C6, C7 and C8, the higher reduction temperature (1000°C, used for C5, was retained) but a higher amount of cobalt was used in starting Mg 1Àx Co x Al 2 O 4 solid solution with x ¼ 0:05, 0.1 and 0.2, respectively. Thus, the quantity of Co catalytic nanoparticles obtained at 1000°C is increased, leading to increased CNT contents [19] . To still increase the CNT fraction above the 2.50 wt% reached for C8, the characteristics of the catalytic material has been modified in three ways. Firstly, this material has been prepared in the form of a foam, as opposed to a powder. Foams have been obtained either by impregnating a polymeric foam with an aqueous suspension of the solid solution powder (samples labeled IF), or by a gelcasting-foam method [20] (samples labeled GF). During the CNT synthesis reaction, the supply of gases to the foam material is easier, which leads to a significant increase of the CNT content [20] (samples C9 and C10), in comparison with the corresponding powder catalytic material (sample C8). Secondly, we have synthesized new catalytic materials (CM1-CM12) that contain molybdenum as a catalytic promoter [22] . The resulting increase of the CNT content is significant for powders (CM1-CM3) and is much more pronounced for foam materials (CM4-CM10). Thirdly, two more foams were prepared from starting powders having a much higher specific surface area (prepared by using citric acid instead of urea in the combustion method [22] ), leading to a further increase of the CNT content for specimens CM11, CM12, up to 12.20 wt%.
High resolution SEM observations were conducted on the composite powders and some typical images are reported in Fig. 1 . In the C1 sample ( Fig. 1(a) ), only a few CNT are observed between the oxide grains (200-500 nm). The CNT form a very well-distributed interconnected web for C6 ( Fig. 1(b) ). More and more CNT are observed in samples C7 (Fig. 1(c) ), CM5 ( Fig. 1(d) ), CM10 ( Fig. 1(e) ) and CM12 ( Fig. 1(f) ), in agreement with the carbon contents reported in Table 1 . In addition, the filament diameters increase gradually from a few nanometres for C1 and C6, which corresponds mainly to individual CNT, up to 10-20 nm for CM12, which corresponds to bundles made up of several CNT. HRTEM observations (not shown) performed on C6, CM5 and CM12 have confirmed that most bundles are not well-crystallized ropes but rather merely are a gathering of CNT, generally with different characteristics, which occurs after the CNT formation. The samples do not contain any large MWNT nor carbon fibres. Statistical studies on HRTEM images have shown that 70-90% of the CNT are SWNT, most of the others being double-walled and, in C6 only, a few (<5%) having 3, 4 or 5 walls. It was also revealed that the CNT diameter is in the 0.5-5 nm range with a mean diameter between 2.4 and 2.8 nm, which is slightly larger than for the CNT generally used to prepare composites. Since the CNT characteristics in these three samples (C6, CM5 and CM12) are similar although the CNT quantities are very different (0.60, 7.20 and 12.20 wt%, respectively), it was considered that the CNT have similar characteristics in all the 22 CNT-ceramic composites. From these com- Table 1 Characteristics of the oxide solid solutions used as catalytic materials during the CCVD synthesis of the single-walled carbon nanotubes : Co and Mo contents, preparation modes (P, powder, IF, foam prepared by impregnating a polymeric foam with an aqueous suspension of the solid solution powder, GF, foam prepared by a gelcasting-foam method [20] , CA, starting powders prepared by using citric acid instead of urea during the combustion leading to a much higher specific surface area [22] mon characteristics, a CNT density of 1.70 was calculated and was used to calculate the CNT vol% from the experimental CNT wt%. HRTEM observations also showed that the specimens do not contain significant amount of disordered carbon, the only non-tubular carbon form being capsules surrounding some Co nanoparticles. Because these capsules represent a negligible quantity of carbon compared to CNT, we have considered that the carbon content is representative of the CNT content ( It was chosen to hot-press the materials at only 1300°C, i.e., at a lower temperature than that used in our previous studies (1500°C) [16] , with the aim to avoiding, or at least to decreasing, any damage to the CNT at high temperature. As shown in Table 1 , only the samples containing less than 5.3 vol% of CNT (CMH, C1-C8) have been successfully densified. For the other specimens, the densification quite regularly decreases with the CNT content, remaining very low for CM12 (68.0%). As previously reported [16] , CNT greatly inhibit the matrix grain growth, which is very unfavourable to the densification when the CNT content is too high. Also, CNT probably inhibit the uniaxial pressure action owing to their elastic behaviour. These phenomena are particularly effective in the present samples in which, due to the in situ synthesis of CNT, all the matrix grain are surrounded by the web of CNT bundles. These results confirms that the Table 1 , and are very well distributed, forming a continuous network between the oxide grains. The filament diameter increases gradually due to the gathering of CNT into bundles which becomes more pronounced when the quantity of CNT increases.
influence of CNT on the matrix microstructure and densification is more and more pronounced when the CNT content is increased, and this up to about 25 vol%. It would probably be very difficult to fully densify such composites with a very high CNT content. Zhan et al. [2, 18] have successfully densified SWNT-ceramic composites using spark-plasma sintering (SPS) instead of hot-pressing. These authors used another matrix (nanocrystalline alumina) which was mixed with up to 15 vol% CNT of characteristics (SWNT in the form of ropes of 10-100 CNT) different than those of the present samples. By contrast, for the same CNT content (sample CM5), we obtain only 76.6% in densification. The benefit of the SPS method, the more favourable microstructure of the green materials and the necessarily less-achieved distribution of the CNT around the matrix grains [2, 18] all contribute to explain the difference.
High resolution SEM images of the fracture surface of the hot-pressed composites are shown in Fig. 2 . The CMH sample (Fig. 2(a) ), i.e., the one which does not contain CNT, shows a rather smooth surface due to a mainly transgranular fracture mode which is characteristic of metal-ceramic nanocomposites [23] . A few CNT are apparent on the fracture surface of C5 (Fig. 2(b) ), the matrix grains (about 200 nm in diameter) of which are more easily observable than for CMH. Note that the CNT that have been broken at the level of the fracture surface can not be seen on these images, resulting in an under-estimation of the real quantity of CNT in the composites. The C10 and CM2 samples (Fig. 2(c) and (d)) greatly differ from C5 by showing smaller matrix grains due to the more pronounced grain-growth inhibition effect of CNT. Moreover, some long CNT are visible emerging out of the pores and some CNT have been cut near the fracture surface and just appear after some pull-out. In the latter parts of the specimen, the fracture mode seems to still be transgranular. On the CM5 and CM12 samples (Fig. 2(e) and (f)), the matrix grain seems still smaller and the filaments appear more numerous and more widely interconnected. On the CM12 image (Fig. 2(f) ), large pores are apparent and many CNT, probably initially located within these pores, have been straightened before breaking during the fracture.
The DC electrical conductivities of the present hotpressed composites are reported in Table 1 and plotted in Fig. 3 . Firstly, note that the CMH sample, which contains more metal than any of the other composites, is insulating (r ¼ 10 À10 S cm À1 ) like the C1, C2 and C3 composites (0.23 vol% CNT). A conductivity seven orders of magnitude higher (0.0040 S cm À1 ) was measured for the sample C4. For the C4-CM2 samples, the conductivity regularly increases up to 1 S cm À1 for 5.1 wt% of CNT (11.18 vol%) . These values are in the same range than that measured by Flahaut et al. [16] on similar composites (1.5-1.8 S cm À1 for 4.9 wt% of CNT). According to the percolation theory [24] , the increase of the electrical conductivity (rÞ of the composites with the CNT volume fraction should obey to the scaling law r ¼ kðp À p c Þ t , with p the volume fraction of CNT and p c the critical volume fraction corresponding to the percolation threshold. The exponent t reflects the dimensionality of the system, the values 1.3 and 1.94 corresponding to two and three dimensions, respectively [24] . For samples C4-CM2 in which the CNT content is in the zone of supposed validity of the scaling law (p > p c and (p À p c ) small) we have inserted in Fig. 3(a) the plot of r versus the CNT volumic content in a loglog scale. The r values are well fitted by the scaling law, the better adjustment being obtained for a percolation threshold p c ¼ 0:64 AE 0:02 vol% (about 0.31 wt%) and an exponent t ¼ 1:73 AE 0:02. Many authors have verified the scaling law on CNT-polymer composites [8] [9] [10] [11] [12] . Various values have been reported, between 0.33 wt% [8] and 0.0025 wt% [11] for the percolation threshold and from 2.1 [8] to 1.2 [11] for the exponent t. Particularly, Barrau et al. [10, 12] , who prepared the CNT by a method similar to that used in the present work, obtained a threshold at 0.3 wt% or below 0.1 wt%, depending on the composite preparation method and an exponent t of 1.44 AE 0.30. These very low percolation thresholds have been attributed to the enormous aspect ratio of the CNT. However, the fact that the values of t are generally lower than 1.94 would not be the sign of a two dimensional network but rather a consequence of weakly-connected parts in the network, due to polymer barriers between CNT resulting in a thermally-induced hopping transport [9] . In the present study on ceramicmatrix composite, most CNT being SWNT and their distribution being very homogeneous as a consequence of their in situ synthesis, we expected to observe a percolation threshold at least as low as that obtained with polymer-matrix composites, which are prepared by mixing methods. But it is difficult to evaluate the exact degree of damage sustained by the CNT during the hotpressing at 1300°C, under vacuum, but in the solid oxide environment. The threshold could be overestimated either because the effective CNT content in the dense composites is lower than that in the starting composite powder, or because defects have been induced on some CNT, resulting in insulating or insufficiently conductive ramifications in the network. Thus, the effective percolation threshold may be lower than 0.64 vol% and the probable existence of paths with a low conductivity due to damages of some CNT could ex- plain that the exponent is smaller than 1.94. The fact that, as the CNT content increases, they gather more and more in bundles which have a smaller aspect ratio than individual CNT could also explain the lower t exponent. For a CNT content higher than 11.18 vol%, a more sudden variation appears for CM3 and CM4 with a conductivity reaching 6.59 S cm À1 for 15.13 vol% CNT (CM4). Then, when the CNT content is increased from 15 to about 25 vol%, the electrical conductivity presents only a slight regular increase up to 8.53 S cm À1 (CM12). The sudden r variation around 13 vol% CNT could be due to the fact that, in this composition range, the densification becomes very low (<85%) which corresponds to the presence of open porosity in the material. Consequently, the CNT and CNT bundles which are located in this open porosity are probably interconnected without a significant interaction with the oxide matrix and thus are less damaged than CNT located at the matrix grain boundary or captured by the matrix grain. But even for the higher CNT content (CM12, 24.48 vol%), the present composites have a conductivity lower than that reported by Zhan et al. [18] for CNTAl 2 O 3 composites (33.45 S cm À1 for only 10 vol% CNT). The difference in the oxide matrix, in the preparation routes (mixing of the components, SPS treatment allowing a very short heating at high temperature) and in the CNT characteristics all probably concur to a lesser damaging of CNT in their study [18] .
Conclusions
In the present work, we have for the first time characterised and quantified the percolation of SWNT in an insulating ceramic matrix and showed that the scaling law is valid in this new class of composite materials. In order to achieve this, a family of SWNT-MgAl 2 O 4 massive composites has been prepared, in a wide range of composition (0.23-24.5 vol% CNT) and with a very homogeneous distribution of the SWNT between the matrix grains owing to the in situ CCVD synthesis route. A jump of the DC electrical conductivity of seven order of magnitude (10 À10 -0.0040 S cm À1 ) has been measured between 0.23 and 1.16 vol% (0.11-0.55 wt%). Up to 11 vol% CNT, the electrical conductivity is well fitted by the scaling law of the percolation theory r ¼ kðp À p c Þ t with a percolation threshold p c ¼ 0:64 vol% CNT (about 0.31 wt%) and an exponent t ¼ 1:73. Comparing with CNTpolymer composites (p c between 0.33 and 0.0025 wt%) [8] [9] [10] [11] [12] , the percolation threshold is higher, but probably is overestimated owing to some degree of damage sustained by the CNT during hot-pressing at 1300°C under vacuum in a solid oxide environment. The existence of damaged ramifications in the CNT network and the bundling of CNT upon an increased content could explain the little difference between the experimental exponent (t ¼ 1:73) and the theoretical one (t ¼ 1:94) characteristic of a tri-dimensional network [24] . The conductivity of the present SWNT-MgAl 2 O 4 composites can be tailored in the 0.004-8.5 S cm À1 range directly by controlling the CNT content. For small CNT contents (1-2.5 vol%), the conductivity is sufficient to assure an efficient electrical discharge to the insulating ceramic, and furthermore the densification of the composites is easily achieved by hot-pressing, so alterations of the other intrinsic properties of the ceramic matrix are probably avoided. CNT-ceramic composites become attractive materials not only for their enhanced mechanical properties [2] [3] [4] [5] [6] [7] , but also for the possibility to tailor their electrical conductivity directly by the quantity of CNT.
